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Abstract 
Laser surface texturing process is based on selective material melting and vaporizing to generate a specific surface pattern. Such 
modification has many different applications, such as the generation of dimples to make them oil reservoirs for generating a 
micro-film of lubricant to avoid friction between metal surfaces, or the generation of a surface pattern that modifies the contact 
angle leading to a hydrophobic surface. Another application is the reduction of the friction coefficient, or even the creation of 
geometric patterns on the surface of molds.  
The main limitation of the process is derived from the high cost. The low productivity of the process, and the high cost of ultra-
short pulse laser source determine the applicability of the technology in many cases. However, there are applications with higher 
tolerances where conventional laser sources can be used to get the texturing. Thus, this work was focused on the characterization 
and determination of optimal parameters for surface texturing using a conventional laser source working in pulsed mode. 
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1. Introduction 
Surface modification of metal parts with laser technology is an emerging application in recent years due to last 
laser source improvement. The target can be different depending on the needs, from improving the tribological 
properties [1], reduction or increase in surface roughness [2, 3], changing parameters such as wetting angle [4] or 
even generating a repeating surface pattern only for aesthetic purposes [5]. 
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Typically, for metal surface texturing short or ultra-short laser pulses are used. Last generation pulsed laser 
sources allow high energy concentration, over 1mJ/cm2, in pulses of very short duration, which results in a melting 
and vaporizing material. This way a selective material removal is achieved. In the literature it is also common to use 
solid state lasers with wavelengths below 500nm [6], however, this type of source has two major drawbacks. On the 
one hand it is expensive equipment compared to conventional solid state laser sources of Nd:YAG, and on the other 
hand, have a lower resistance to industrial environment. Their design is less prepared to be integrated with other 
industrial equipment. Industrial laser cutting and welding sources are typically integrated in combination with 
robotic manipulators or Cartesian kinematic structures. Short pulse laser integration in manipulators is still 
something expensive and not spread in mould and die making environments.  
Until now, conventional CW laser sources were rejected for texturing operations due to their limitation to work in 
pulse mode. This type of equipment is typically capable of operating at a frequency of between 5 and 50 kHz cycle, 
whereas within each cycle, the percentage of time the laser is power on can be controlled through the Duty Cycle 
parameter. The pulsation regime is reached by switching on and off the excitation in the resonator. This kind of 
sources, typically operate with pulses in the range of ms which is considered not short enough for laser texturing 
applications. Short and Ultra-short laser sources operate in completely different way, they use wave interference and 
resonator output control to reach pulses with duration in range of ps (10-12 seconds) and fs (10-15 seconds). 
Usually it is considered that for metallic part texturing operation, pulse duration should be at least in the range of 
ns (10-9 seconds). However, unlike short and ultra-short lasers, the average power available in industrial lasers is in 
the range of kW. Thus, although they are limited to relatively long pulse duration, they are capable of concentrating 
sufficient energy to achieve a fusion and partial vaporization of material. In addition, if the settings are appropriate, 
is possible to work with discrete pulses and achieve selective removal of material with a minimum heat affected 
zone. In general, ultra-short lasers provide substantially better result with higher in precision and no thermal damage. 
However, in practice, there are some applications where the presence of molten material, and even a minimum 
thermally affected area, is perfectly acceptable. 
Thus, there are applications where the final objective is the generation of dimples in the surface that act as 
lubricant reservoirs to maintain a constant film thickness [7]. In the case of mechanical seals is important to ensure 
proper fit a constant film thickness of lubricant. These are critical elements and higher manufacturing cost derived 
from the use of laser technology is justified. Similarly, there are numerous studies concerning the impact of surface 
dimples in the friction coefficient [8]. In the literature this surface texturing based on dimples is used on piston rings 
for internal combustion engines. Published studies set dimple ideal dimensions between 50 and 150 microns in 
diameter and between 5 and 20 microns deep [8, 9]. Thus, the texturing in these applications is carried out using 
short pulse lasers which has a direct impact on final part cost. 
In other applications, the aim is to increase the surface roughness. Thus, there are applications for texturing 
friction discs of clutches used combustion engines. The objective here is to improve the performance of the discs by 
increasing roughness [3]. In medical applications, it is also used laser texturing to improve the biocompatibility of 
implants by increasing surface roughness. The objective is to get a general texturing or generating grooves that 
facilitate tissue growth without base material contamination. For this type of operation most extended material is 
Ti6Al4V and several short pulse laser sources are used. Instead of using more conventional Nd:YAG sources it is 
also common to use Nd: YVO4 sources to reach wavelengths below 500nm [10]. 
In this work, a study on the possibilities of an industrial 1 kW Nd:YAG fiber laser for surface texturing 
applications is presented. After identifying and controlling key process parameters, several experimental test were 
conducted in order to recreate the dimples described in the literature for applications where friction coefficient 
reduction is intended. 
2. Experimental Procedure 
In order to determine the performance of a conventional fiber laser in texturing applications, a set of experimental 
tests were carried which have been evaluated using a confocal 3D profilometer. The tests consisted in textured areas 
of 15x15mm. For the tests, a CW fiber laser of 1kW FL010 from Rofin was used. The output beam presents a 
wavelength of 1060nm and spot size of 100μm. For guiding the beam a galvanometric head Hurry Scan 25 from 
Scanlab was used. The workspace of the scan head is 120x120mm and its maximum scanning speed is 10,000 mm/s. 
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All the tests were conducted in the central area of the workspace to avoid beam scattering effects and variations in 
absorption due to the angle of incidence of the beam. Tests were conducted on AISI D2 tool steel that has previously 
been hardened and grinded to get a homogeneous surface. This material is typically used for mold and die 
manufacturing. Once thermal treated the surface hardness reaches 60HRC which makes it particularly suitable for 
demanding applications. 
The first step was the identification of key process parameters that determine the amount of energy delivered and 
the time in which that energy is transmitted to the material, which provides the energy density used. Another 
parameter to consider is the area processed in each pulse. Because the pulse duration is relatively high, it is 
necessary to consider both, the beam diameter and scanning feed rate, which is the relative speed between the beam 
and the part. Thus, the process parameters considered in the tests were: power (W), the cycle frequency (Hz), the 
duty cycle (%) and the scanning feed rate (mm/s). Thus, the cycle frequency set the duration of each cycle, and the 
duty cycle the percentage of time in the cycle in which the laser is on. One of the main limitations of CW lasers is 
that the pulsed mode is obtained by controlling the pumping mechanism of the active medium, in this case, by 
switching on and off of the pump diodes. If the pulse duration is not long enough, CW lasers are not able to supply 
the required power. For correct characterization of the source the first step has been the quantification of the 
minimum pulse duration in which the pumping mechanism is able to respond. 
The tests were carried out on AISI D2 tool steel and the frequency value was set at 5 kHz, which corresponds to 
the maximum frequency value and leads to a cycle of 200 ms. Power was set at maximum (1kW) and different 
values of the duty cycle were tested. The test duration was adjusted in each case depending on the duty cycle to 
make the time that the laser is switched on equivalent in all cases. In the Table 1 the test parameters are summarized. 
     Table 1. Min pulse duration test 
Duty Cycle (%) Test Duration (s) Pulse duration (μs) Laser On(s) Laser Off (s) 
75 1 150 0.75 0.25 
50 1.5 100 0.75 0.75 
25 3 50 0.75 2.25 
10 7.5 20 0.75 6.75 
5 15 10 0.75 14.25 
2 37.5 4 0.75 36.75 
 
The result was evaluated as a function of penetration depth obtained. As expected, despite the time that the laser 
is switched on in all cases is the same, there are some differences in the depth reached. Thus, the longer pulses 
generate a higher melting material while shorter pulses allow a more controlled cooling and removing material. In 
the Figure 1 the depth of penetration achieved in each case is shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Depth reached for 1,000W at 5kHz 
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Figure 1 show how the penetration increases until the pumping system is not able to react fast enough. From that 
point the effectiveness of the laser beam is reduced significantly. Thus, it is possible to set a limit of 10 μs for 
effective pulse duration, corresponding to a 5% duty cycle at a frequency of 5 kHz. 
After determining the minimum effective pulse duration, a comprehensive experimentation was carried out 
combining different process parameters. In Table 2 the ranges of parameters tested are shown. In all tests the power 
was set at the maximum value of 1 kW and pulse duration was modified by adjusting frequency and pulse duration. 
The scanning speed of the scanner is adjusted in each case so that the area on the radiation incident on each pulse 
remains constant at 0.011mm2. 
     Table 2. Tested parameters 
 Freq (Hz) Feed rate (mm/s) Duty Cycle (%) Pulse Duration (μs) Energy Density (J/cm2) 
Min 2 3 2 10 0.009 
Max 5,000 3,000 5 10,000 9.23 
 
Results were evaluated using a Leica DCM 3D confocal profilometer which gives complete 3D topography 
information. In each test, the resulting geometry was measured in radius and depth and the recast material 
proportion was evaluated from burr formation. 
The results have been very different depending on selected parameters, from holes with excessive melted 
material to surface marks with almost none penetration. In the most energetic test, a narrow drill surrounded by 
melted material was obtained. The drill was 40μm in diameter with 120μm depth. Part of melted material during the 
process was ejected from the drill resulting in a ring formation on the top side. In Figure 2 the 3D topography as 
well as a real image and an extracted cross-section profile are shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Texturing with 9.213J/cm2, a) 3D topography, b) textured surface c) extracted profile 
The test was carried out with a power of 1kW over an area of 0.011mm2 leading to a power density of 
9.2·106W/cm2. The pulse duration in this case was 10ms so the energy density in each pulse was 9.2J/cm2. Due to 
the relatively long duration of the pulse, the material is heated to the melting point in a larger area and because of 
a) b) 
c) 
10X 
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thermal gradient and recoil pressure a ring of molten material is generated at the top, as shown in Figure 2. Due to 
strong thermal gradient, the material is ejected from the hottest zone creating the ring observed in the figure. 
For pulse duration of 100μs, a completely different result was reached. Thus, with pulse duration of 100μs and a 
power of 1 kW, over an area of 0.011mm2 an energy density of 0.092J/cm2 is obtained. The following Figure 3 
shows the result obtained. In this case, since pulse duration is significantly reduced, less molten material appreciated 
and there is no significant resolidified material on the top surface. Furthermore, the maximum penetration obtained 
is also reduced significantly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Texturing with 0.092 J/cm2. a) 3D topography, b) textured surface c) extracted profile 
In the literature, the minimum energy density value for texturing operations is considered to be close to 0.2J/cm2 
with a maximum pulse of 20ns [11]. In this case, the energy density used was significantly lower, so the result is in 
the limit of what is considered suitable for laser texturing. Thus, within the beam spot there are significant 
differences in beam intensity that lead to some areas that are not fully melted. This point can be appreciated in the 
extracted profile of Figure 3. 
When optimal parameters are set, the regimen obtained was satisfactory with goof result for texturing 
applications where the goal is to create dimples to improve lubrication. Thus, for a power of 1kW, with a cycle 
frequency of 1kHz. a duty cycle of 10% and a scanning feed rate of 500mm/s the result is close to the target 
geometry described in the introduction. 
In this case, with a pulse of 100µs and energy density of 0.078J/cm2 the final geometry is close to dimples 
described in the literature as optimum. Thus, the reached geometry is 100μm in diameter and 50 microns deep. 
Furthermore, the amount of material resolidified in low and no undermelted areas within the cavity can be 
appreciated. Although initially was expected some negative effect due to non-uniform energy distribution in the 
spot, there is no evidence of any significant irregularity. In comparison with previous result described in Figure 3, 
the parameters provide better result. This point suggests some relation between cycle frequency and energy 
distribution within the beam spot that must be studied in further work. 
 
 
 
 
 
a) b) 
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Fig. 4. Texturing with 0.078 J/cm2 a) 3D topography, b) textured surface c) extracted profile 
3. Results and Discussion 
From experimental tests carried out can be stated that a conventional fiber laser is suitable for some laser 
texturing applications. Tests carried out shows that there are two relevant parameters to be considered. On one hand 
the energy density and pulse duration on the other. An energy density close to 0.1J/cm2 was high enough for the 
selective removal of material and to get a suitable geometry. Moreover, the pulse duration has direct impact on 
material melted volume during the process. In the tests, pulses longer than 600μs causes an excess of melted and 
lately resolidified material volume. In a conventional laser, where the pulse duration and amount of energy emitted 
in each pulse is limited by the excitation mechanism, a balance must be found. Thus for a 1kW Nd:YAG fiber laser 
with a cycle frequency of 5 kHz the optimal parameter combination found was for 100µs pulse with an energy 
density of 0.078J/cm2. 
Another relevant factor that significantly affects the quality of textured surface is the multi-mode or single mode 
configuration of the laser source. Thus, single mode source presents a Gaussian energy distribution within the spot, 
however, multimode source presents a combined energy distribution, where each mode provides a different energy 
distribution [12]. The addition of all these modes provides a Top-Hat energy distribution, which theoretically is more 
uniform than a Gaussian distribution. However, the tests carried out showed that the effect of a multimode 
distribution may affect the result significantly if the parameters are not optimized. Thus, in Figure 3 the resulting 
cavity shows some non-melted areas due to this effect. This problem is canceled for higher energy density values. 
Above 0.1J/cm2 the effect is not noticeable, as it can be seen in Figure 5, where energy density of 0.921J/cm2 with 
pulse duration of 1ms was tested. 
However, if process parameters are optimal, it is possible to minimize the problem. As it is shown in Figure 4 it is 
possible to get satisfactory result if the combination of energy density and pulse duration are optimal. In this case, 
there is no under melted material and material removal takes place uniformly. 
Finally, the repeatability of the process was studied. For this purpose the volume of molten material was 
evaluated. The repeatability of the process was analyzed for different process conditions, with energy densities of 
9.21, 0.092 and 0.078J/cm2. Thus, in Figure 6 it is shown the result obtained for 20 different tests with each energy 
density rate. The results show that higher energy levels present lower repeatability. Thus, keeping the power density 
a) b) 
c) 
10X 
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constant, the longer is the pulse, there is more variation in the volume of material removed. This phenomenon can be 
explained due to the proportion of molten material in each case. Thus, for energy density of 0.078J/cm2 the 
variations on removed volume tend to minimum. In this case the removed material volume is 0.45±0.05 mm3, while 
for an energy density of 0.0921J/cm2 the removed volume is 1.445±0.7mm3 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Texturing with 0.921 J/cm2, a) 3D topography, b) extracted profile 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Material removal volume in each dimple for a) 9.123J/cm2, b) 0.092J/cm2 and c)0.078 J/cm2 
4. Conclusions 
Conventional 1kW CW Fibre laser was used for texturing applications. The resulting dimples geometry present a 
regular shape with 100µm in diameter and 50µm depth which is almost the optimal shape described in the literature 
for friction reduction applications. The pulse energy and pulse duration are the key parameters in the process. In CW 
lasers pulses longer than 1ms generate an over-melt area and large heat affected zone, with re-solidified material in 
the surface. The best results were obtained for 100µs pulses with 0.078J/cm2 energy density. With these parameters 
the dimples show very regular shape with minimum re-solidified areas. The dimensions of the dimples were also 
regular being always within 100±0.5µm. The tests showed that the final result is limited by the low energy density at 
pulses below 10µs and the irregular energy distribution on the spot if the laser source configuration is multimode. 
Nevertheless, with correct parameter selection the result was satisfactory, thus, for some texturing applications it is 
feasible the use of conventional CW lasers with optimal parameter selection.  
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